The purpose of the present paper is to review recent urban climatological studies in Japan. Recently there has been an increasing number of urban climatological reports in Japan.
Introduction
It is well known that a city has a unique climatic environment compared with that of its nearby surrounding area, i.e., the so-called urban climate, which is regarded as the most typical example of inadvertent climate modifi cation.
It is clear that such an inadvertent climate modification may result in environ mental pollution and/or destruction. There fore, there has been great interest and many workers have made efforts not only to under stand the processes and mechanisms of the urban climate from the viewpoint of pure sci ence, but also to protect and/or improve the urban climatic environment from the view point of environment science. Figure 1 shows the year-to-year variations in the number of reports in the literature on urban climatology appearing in Japan in the past decade, i.e., from 1985 to 1995.
The total column stands for the total number of reports, and the solid column stands for the number of full papers. It is clear that about 400 papers appeared in Japan during this period, including preprinted abstracts from the general meetings of several societies. Although the annual total number of reports was relatively small and remained in the range from 12 to 27 until 1991, it increased rapidly after that and reached the range from 51 to 77. In other words, urban climatological studies in Japan rapidly became popular in the latter half of the last decade. These studies were done in a variety of fields, such as geography, meteorology, architecture, civil engineering, agriculture, remote sensing, and so on. At the present time in Japan, urban climatology is one of the typical interdiscipli nary sciences.
Forty-six percent of all the reports mentioned above are full papers. How ever, only 22% of full papers, i.e., only 10% of total reports, are written in English; the others are written in Japanese.
The purpose of the present paper is to review recent urban climatological studies in Japan, and to introduce their recent trends to foreign climatologists.
Most of the above papers dealt with the thermal environments of urban areas, i.e., so-called urban heat island phenomena. Thus the special emphases are placed on studies of heat island phenomena in Japan.
A similar review of studies of heat island phenomena carried out in Japan by the 1980s was written by Yamashita (1988) . He sum marized the processes of formatting an urban climate conceptionally from the viewpoint of urbanization:
Urbanization is expressed in terms of the concentration of population, modi fication of the earth's surface constituent mate rials and expansion of living space on and into the ground.
These causes change in mor phological and physical features, and energetic conditions, which consequently modify radia tion, and heat and water balances to create an urban heat island. He concluded that, by the 1980s in Japan, although there were some studies taking into consideration the compo nents of the above balances separately, there were few comprehensive studies on the urban heat island. His conclusion is also essentially true at the present time. However, information on all the aspects reviewed by Yamashita (1988) has increased rapidly in the last few years, probably because both of the inter disciplinization of urban climatology and of the development and improvement of tools and methods.
Urban
Heat Island Intensity
In order to understand the thermal environ ment of an urban area, it is necessary and useful to make a horizontal distribution map of air temperature in an urban and surrounding areas. Such a temperature distribution can be observed in terms of a traverse observation method.
Since the resulting contour map of temperature is similar to a topographical map of an island, it has been called a heat island.
The appearance and strength of an urban heat island is usually described in terms of heat island intensity, dTu-r, which is defined as the excess of the urban maximum temperature over the background rural temperature. Park (1987a) collected data on the heat island intensi ty for 20 Japanese cities from the literature and made scatter diagrams between the maximum heat island intensity and urban structures, i.e., population, sky view-factor at the center of each city and the ratio of impermeable surface coverage, as shown in Figs. 2-4. Based upon these figures, she concluded that the maximum heat island intensity was closely related to all indexes under consideration: The heat island intensity increases with increasing population, decreasing sky view-factor and increasing im permeable surface coverage. The explanation for these relationships proposed by her is that the urban population affects urban structures, i.e., urbanization tends to lead to more use of high buildings and impermeable surface mate rials, which tends to affect the heat balance in urban areas and strengthen the heat island in tensity.
Diurnal variations in heat island intensity cannot be detected using the traverse observa tion method, because this method deals with temporally averaged phenomena throughout the observation duration. In addition, since the traverse observation method cannot be used on a routine basis, it is also difficult to analyze the speed, rainfall and air temperature every 10 minutes at each site and at every hour at the recording center at Tokyo. Park (1987 b) selected six AMeDAS stations, three in urban areas of Gifu, Asahikawa and Niigata cities and three in locations outside these cities, based upon suggestions by Omoto and Hamotani (1982) , and investigated the de pendence of the heat island intensity and its diurnal and annual variations on the topo graphical and climatological environments of cities. Gifu was chosen as an inland city on flat land, Asahikawa as a basin city surrounded by mountains and Niigata as a coastal city. Figure  5 is a comparison of mean diurnal variations of the heat island intensity among the three cities in summer.
Not only the levels but also the features of heat island intensity are different. In Asahikawa, the heat island intensity is posi tive throughout the daytime, and has double strongest peaks during the nighttime, which seems to be related to cold air drainage from surrounding mountains, which is a common feature in basin cities. In Niigata, the coastal city, the heat island intensity is negative during the daytime and has a single positive peak during the nighttime.
The daytime negative heat island intensity is explained as due to the influence of sea breezes, which are a common feature of coastal cities. Yamazoe and Ichinose (1994) carried out a similar analysis in the Tokyo metropolitan area on both cloudless and cloudy nights after a cloudless daytime. Figure 6 shows a compari son of mean hourly change rates of air temper atures in the central business district (CBD) of Tokyo and its suburbs and the heat island in tensity between cloudless and cloudy nights in November. On cloudless nights, the heat island intensity increased from sunset, reached the (1994) indicate that the increase rate of the excess air temperature of urban from rural areas, i.e., the heat island intensity, during the last four decades has been nearly constant, but that its magnitude is different from city to city corresponding to its present population. If this is true, the relationship between the heat island intensity and population will always change. In fact, the heat island intensity of three cities derived from AMeDAS data by Park (1987 b) exceeds the maximum heat island intensity reported in the existing literature, which was also summarized by . From this viewpoint, Sakakibara (1994) made frequent traverse observations of air temperature in a small urban area located in a paddy field area, and tried to update the relationship between the maximum heat island intensity and popula tion. As a result, he pointed out that the urban heat island intensity observed by him was about 2 times that of As Oke's (1978) textbook Boundary Layer Cli mates was translated into Japanese by Saito and Nitta (1981) , it has been read by most Japanese climatologists.
Thus the framework of Japa nese urban climatologists has been influenced by Oke's (1978) basic concepts on the mecha nisms of urban climate. He divided the urban atmosphere into two layers, the urban bounda ry layer and the urban canopy layer. The urban boundary layer is based at about roof level, and the urban canopy layer is beneath roof level. According to Oke (1978) , the hypothesized causes of the canopy layer urban heat island were as follows:
(1) increased counter radiation due to ab sorption of outgoing long-wave radia tion, and re-emission by the polluted urban atmosphere; (2) decreased net long-wave radiation loss from canyons due to a reduction in their sky view-factor by buildings; (3) greater short-wave radiation absorption due to the effects of urban geometry on the albedo; (4) greater daytime heat storage due to the thermal properties of urban materials, and its nocturnal release; (5) anthropogenic heat from buildings; (6) decreased evaporation due to the remov al of vegetation and the surface water proofing of the city; and (7) decreased loss of sensible heat due to the reduction of wind speed in the canopy. Oke (1978) summarized that, although all of the above hypothetical causes had been verified to operate to strengthen the urban heat island, the relative roles of each within the canopy layer
was not yet certain. Therefore, also in the last decade, many efforts have been made to verify the above causes and to determine the relative roles of each.
Cause (1) at night was studied by Kobayashi (1982) . He observed the downward and upward long-wave radiations at the roof of buildings in an urban area and rural area in the winter of 1969/70.
Both downward and upward long wave radiations were larger in the urban area than in the rural area, but, since the increase in downward long-wave radiation exceeded that of upward long-wave radiation, the long-wave radiation balance was smaller in the urban area than in the rural area by 4.5%. According to his analysis, the reduction of long-wave radiation balance was mainly because of the additional downward long-wave radiation due to an in crease in temperature and humidity in the urban atmosphere rather than to increased air pollution. Aida and Yaji (1979) also observed the hori zontal distribution of the downward long-wave radiation along a freeway in the Tokyo metro politan area using the traverse observation method. Since the freeway passes above roof level, they could detect additional downward long-wave radiation from overlying urban boundary layer. Unfortunately, after that, there were no comparative observations of long-wave radiation at roof level in urban and rural areas.
Cause (2) was also studied by Kobayashi (1979) . He observed the downward long-wave radiation at the roof and ground surfaces at the urban area site at the same time as Kobayashi (1982) . He found that the magnitude of net long-wave radiation at the urban canyon floor was consistently half that at roof level because the downward long-wave radiation at the canyon floor was greater than that at roof level. He expressed the downward long-wave radia tion at the canyon floor, Lf, in terms of that at the roof, Lr, as follows:
Lf=0.415Lr+0.585
(1) ment, using a helicopter over the Tokyo and Tsukuba areas. As a result, it was clear that the difference in the reflectance between 475 and 750nm decreased from a suburban to an urban area, and that, in the metropolitan area, the spectral reflectance decreased gradually with urbanization.
This means that urbanization, i.e., an artificial modification of the surface, tends to make a city not only dark but also gray. A similar observation was also made in Sapporo, Hokkaido (Toritani and Takamura, 1993) .
It is difficult to continue aircraft observations on a routine basis because of the sensitivity to weather conditions and expense. Satellite ob servations are not sensitive to weather condi tions and less expensive than aircraft observa tions, but another problem has to be taken into account, which is the thick atmosphere be tween the satellite and the ground surface. Therefore, when using satellite observation data, the effect of the atmosphere needs to be considered. Nakagawa and Ooi (1992) de veloped a technique to infer the filtered, bi directional surface albedo from LANDSAT/ MSS data and applied it to the Nagaoka area, Niigata prefecture, in order to analyze the annual variations in the horizontal distribution of surface albedo. As a result, it was found that, although albedo in the built-up area was gener ally smaller than in the suburbs, in spring and early summer the albedo in the built-up area was greater than in suburbs. In addition, it was found that the albedo decreased with decreas ing distance from the CBD throughout the whole year.
Although the results of aircraft and satellite observations mentioned above suggest that there exists a dependence of surface albedo on urban surface structure, unfortunately these studies did not investigate the urban surface structure around the targets. Aida and Gotoh's (1982) two parameters, the ratio of building height to canyon width, H/Wf, and the ratio of roof width to canyon width, Wr/Wf, are effec tive to express the surface structure. However, these parameters are not available in real urban areas because of their complexity. Nakagawa (1995) lation density of a city increases, the corre sponding combination of surface structure pa rameters changes and the resulting surface albedo decreases. Causes (4), (6) and (7) have not been studied sufficiently in Japan. Cause (5) was studied by Ichinose et al. (1994) . They divided land use Although energy consumption concentrates on the central part in the daytime, in the nighttime it decreases in the central part and scatters over the whole area including suburban areas. Anthropogenic heat from household reaches about 30 W/m2 in the nighttime.
Since they indicate a location where energy is consumed, it is impossible, in a strict sense, to detect the place where the corresponding anthropogenic heat is released into the atmos phere. Therefore, it is also impossible to distin guish the amount of released energy between the urban boundary layer and the urban canyon.
Although cause (7) was not studied directly, the reduction of wind speed and its variation in the canopy was observed in Sapporo using ul trasonic probes by Oikawa and Meng (1995) . The measurement heights were 45m, 18m, 10.3m and 5.4m above the ground; the canopy height was 7m. Both mean and standard devi ation of horizontal wind speed were clearly reduced in the canyon.
Although the wind speed profile increased with height, the profiles of standard deviation and Reynolds stress peaked at 1.5 times canopy height and de creased slowly with height thereafter. Howev er, this observation was not made in a street canyon, because heavy traffic prevents the set ting up of instruments. Tasaka et al. (1988) and Sakaida and Suzuki (1994) observed the microclimate in an urban street canyon in Sendai city by using street trees, which obstructed the sky almost perfect ly. Therefore the resulting wind and tempera ture conditions were unique but not typical in an urban street canyon because of the influence of street trees. Murakami et al. (1991) developed a com putational methods for analyzing the flow and diffusion fields in the outdoor living space in an urban area using the IC-E two-equation turbu lence model and large eddy simulation (LES) and applied it to an actually planned complicat ed building complex on an urban renewal site in Kawasaki, a city located near Tokyo. As a result, the airflow not only near the building wall but also within a balcony can be re produced very well.
Application of numerical simulation is not Figure 13 . Examples of thermal images of an urban area produced in terms of heat balance simulation (after Iino and Hoyano 1996) . Kawasaki on August 9, 1987. The weather was fine. Upper: 13:00; bottom: 20:00.
based upon the observation of the urban bound ary layer heat island. Kozono (1987) observed the vertical and horizontal construction of a heat island in Tsuchiura city, Ibaraki prefec ture, by using Kytoon at five stations.
As a result, the heat island phenomenon was clearly confirmed in the central area of the city. The height of the heat island reached up to about 150m at 5:00 a. m. in autumn, as shown in Fig. 14. He defined the vertical temperature effect on the city area as the integral of horizontal heat island intensity with height from the ground to the cross-over height. He found that the above effect and surface heat island intensi ty are proportional to each other. Takahashi and Fukuoka (1994) also made a similar observation in Hiroshima. Figure 15 is a result of their observation.
During the night time, when a weak land breeze blew, a vertical ly isothermal condition was observed, and it was slightly warmer in the coastal area than in the inland area. In contrast, during the daytime in the through-urban section, the air tempera ture in the central urban area was higher than that at comparable heights at other sites, and an urban heat dome was formed. According to their results, the heat island intensity was greater at the base of the urban boundary layer than in the urban canyon.
The center of the urban boundary layer heat island drifted due to the influence of the wind field, while the center of the urban canopy heat island was almost fixed on the CBD.
Oke (1978) pointed out four physical mecha nisms hypothesized to cause the urban heat island in the urban boundary layer as follows:
(1) entrainment of warm air scoured from the canopy layer heat island; (2) anthropogenic heat from roofs and stacks; (3) downward flux of sensible heat from the overlying stable layer by penetrative convection; (4) short-wave radiative flux convergence in the polluted urban air. However, since it is more difficult to observe the above causes directly than to observe the mete orological phenomena in an urban canopy layer, there few studies dealing with them in Japan.
As shown in lino and Hoyano's (1996) simula tion, the underlying roof surface seems to be a remarkable heat source in the urban boundary layer in the daytime, and a heat sink in the nighttime.
On the other hand, the urban canyon floor seems to be a heat sink in the daytime, and a heat source in the nighttime, because the canyon floor is cooler in the day time and warmer in the nighttime than roof surface. Kimura and Takahashi (1991) carried out nu merical experiments under typical summer syn optic conditions, and investigated the effects of land use and anthropogenic heat on the surface air temperature in the Tokyo metropolitan area.
Their simulation did not consider the urban canopy layer. Figure 16 shows the pre dicted distributions of air temperature and wind at the level of 10m. The temperature was calculated to be quite high and formed a clear heat island, which was mainly caused by the land use effect but by the anthropogenic heat effect. In the wind field, there appeared a clear divergence and convergence at Tokyo Bay and the northwest center of Tokyo, respectively, which were derived from sea breezes and heat island circulations, respectively.
The converg ence due to the heat island over Tokyo was shifted downward by the sea breeze. Tempera ture distribution in the nighttime also showed the heat island, but the wind convergence was difficult to find. Figure 17 shows a comparison of diurnal changes of observed and calculated surface air Ootemachi and vanished in Koshigaya. Al though the positive heat balance was greater in the daytime than in the nighttime, the heat island intensity was greater in the nighttime than in the daytime, because the depth of the urban boundary layer, which has to be heated by the positive heat balance, was large in the daytime but remarkably small in the nighttime.
However, their simulation of an urban bound ary layer took causes (4) through (6) for the urban canyon heat island and causes (2) and (3) for the urban boundary layer heat island hypothesized by Oke (1978) into consideration, and neglected other causes. Therefore further improvement is necessary. area it was strong throughout the whole day. In addition, the cool island intensity showed little variability in either fine or cloudy weath er. Figure 18 shows a comparison of the meridi onal temperature profiles across an urban green space between daytime and nighttime. The southerly wind in the daytime was the sea breeze and the northerly wind was the land breeze. It was cooler in the built-up area near the green space, and in the nighttime between leeward and windward surrounding built-up areas a temperature difference appeared. Hamada and Mikami (1994) concluded that the relatively cool air in the built-up area resulted from the advection of cooled air in a green space.
The effects of water on the urban climate are also well known. In Japan, the natural water temperature is generally higher than the sur face air temperature in winter and the reverse in summer. Thus in winter it may be possible to use the water effect to reduce the urban heat island intensity. Takewaka et al. (1994) ob served the thermal environment around an urban river in Tokyo on a summer day, and analyzed heat balances on the flood plain and the river water body. As a result, net radiations are positive on both surfaces: The net radiation was consumed mainly by latent heat on the flood plain and by heat flux into the water body on the water surface. The lower temperature on the water surface was mainly affected by the sensible heat flux. Both the sensible heats on the flood plain, at most 100 W/m2, and on the water surface, which were nearly zero during the observation, were considerably smaller than those observed on asphalt and concrete pavements in the urban area, which were 350 and 160 W/m2, respectively (Asaeda and Fujino, 1992) . Takewaka et al. (1993) made a numerical simulation of their observed phe nomena, the results of which are shown in Fig.  19 . The calculated temperature distributions in the city region revealed that the cooled air was heated at once in the city canopy layer. In addition, the upward flow which appeared in the front region of the canopy layer prevents the introduction of the cooled air into the city region.
Recently Ichikawa et al. (1995) made a nu merical experiments on micro-climate in three cases of various urban geometry. As a result, in the case in which low-level buildings were con centrated, the air temperature tended to be uni form and not to format air circulation. Howev er, if high-level buildings were concentrated in the central part of the city, and water area and green space were scattered in the surrounding areas, although the heat island became stronger, a cool island was formed around the city and clear circulation occurred. Thus there is a probability of controlling the urban climate by the arrangement of buildings, green space and water bodies. Concluding Remarks Yamashita (1992) divided the study of the urban climate into the following five fields:
(1) the actual facts of the urban climate; (2) mechanisms of the urban climate (model ing and simulation study); (3) control of the urban climate by buildings or green areas including water bodies; (4) effects of the urban climate on the human body and ecosystems; and (5) future outlook (establishment of amenity cities). As reviewed in this paper, the present stage of urban climatology in Japan seems to stand near the boundary between fields (2) and (3). Fields (1) and (2) had advanced by the 1980s as one field of atmospheric science, but this has not been fully established yet. Probably efforts to solve the problems in fields (1) and (2) will be done continuously.
In the latter half of the 1980s, because the urban climate became one of the most urgent environmental problems, study in field (3) started. Although some reports have been published in the last few years, clima tologists and meteorologists have not con tributed to this field of study. Fields (4) and (5) are recommendations, and it is the final goal for urban climatology to establish amenity cities in the near future.
However, fields (4) and (5) include decision making, and Japanese clima tologists and meteorologists have not been con cerned with decision making.
It seems most probable that these fields will become subjects for engineers.
